Environmental samples are excellent sources of natural products that possess numerous kinds of therapeutic activities. One important family of natural products is the nonribosomal peptides, which includes penicillin, cyclosporin, viomycin and daptomycin (Cubicin). These peptides are made in bacteria or fungi by large enzymes called nonribosomal peptide synthetases (NRPS). NRPSs are true macromolecular machines or nanofactories, with modular assembly-line logic, a complex catalytic cycle, moving parts and many active sites. Visualization of large fragments of NRPSs at various functional states is required to understand the manner in which NRPSs synthesize their important products. Many excellent structural experiments have been performed to date. Recently, we added to the structural knowledge by visualizing the first module of the NRPS, which makes linear gramicidin, a clinical topical antibiotic, in all its major functional states. These experiments show how the individual domains, including an unusual tailoring domain, function together in assembly-line synthesis. Along with the ever-expanding body of biophysical, biochemical and genetic work, this work brings us closer to a fundamental understanding of these natural antibiotic nanofactories, and perhaps the ability to exploit them to produce novel therapeutics.
Nonribosomal peptide synthetases -Natural antibiotic nanofactories
Microorganisms exist in complex and hostile environments. To obtain growth advantages, allow communication or inhibit competitors, fungi and bacteria produce small molecules with powerful and diverse activities. The chemical and biological properties of these compounds often make them useful to society as therapeutics (antifungals, antibacterials, antivirals, antitumours and immunosuppressants) and as natural green chemicals (agricultural agents, pesticides, emulsifiers, siderophores and research tools) [1] [2] [3] [4] . Many such molecules ( Figure 1 ) are synthesized in microbes by complex enzymes called nonribosomal peptide synthetases (NRPSs) [1] [2] [3] [4] .
NRPSs are large macromolecular machines that link substrates by peptide bond formation. Instead of making proteins, these enzymes produce a vast variety of small molecules with important and diverse biological activity, including well-known compounds such as penicillin, cyclosporin, daptomycin, viomycin and bacitracin. These NRPS products are of critical importance to human health: penicillin has saved millions of lives worldwide [5] ; organ transplantation would likely not have become so viable and widespread without cyclosporin and related compounds [6] ; and, daptomycin (Cubicin) is a billion-dollar drug successful against hospital gram-positive infections [7] . As pathogens and other challenges to human health are dynamic, new derivatives of these and other NRPS compounds are needed.
NRPS products often do not resemble proteinaceous peptides. As well as the 20 standard amino acids, over 500 others can be used as building blocks, including D-amino acids, N-methyl amino acids and hydroxy acids [8] . In addition, the peptide products are often cyclic and can be branched ( Figure  1 ) [1] [2] [3] [4] . These differences between NRPS products and proteinaceous peptides result from the dissimilar mechanisms of reactions and processivity of the ribosome and NRPSs. NRPSs resemble assembly lines, with dedicated active sites for each amino acid added to the peptide, and a particular NRPS can make only one kind of peptide.
NRPSs are organized into modules of ~1000 amino acids, with each module responsible for the addition of one specific amino acid. In typical, "type 1 NRPSs", the number and order Schmeing. Visualizing A Natural Antibiotic Nanofactory of the modules correspond to the length and sequence of amino acids in the peptide product (the co-linearity rule [9] ). An NRPS system can be a single huge polypeptide chain or split over multiple chains that assemble through non-covalent interactions. It can be as short as one module or as long as eighteen modules, with a molecular weight of over 2 MDa in a single protein chain [10] .
Modules contain multiple domains, each with a specific function [1] [2] [3] [4] : a basic module contains a condensation (C) domain, an adenylation (A) domain and a peptidyl carrier protein (PCP) domain (Figure 2a ). The A domain is responsible for recognition and binding of the amino acid (Figure 2a) . It catalyzes first the adenylation of the amino acid using ATP, then the transfer of this activated amino acid to the PCP domain. The amino acid is ligated to the PCP domain via a prosthetic phosphopantetheinyl moiety which has been covalently attached to a serine in the PCP domain by a dedicated phosphopantetheinyl transferase [11] . The PCP domain transports the amino acid to the C domain, which catalyzes peptide bond formation between this amino acid and an amino acid or peptide attached to the PCP domain of the preceding module, thus elongating the peptide chain. Peptide bond formation results in attaching the growing peptide to this PCP domain, which then transports it to the downstream C domain and donates it though peptidyl transferase reaction to the downstream amino acid PCP domain. Once a PCP domain has donated its attached peptide, it is free to accept a new amino acid from the A domain and participate in the next cycle of assembly line peptide synthesis.
Other domains are also sometimes present in a module, and modify the amino acid or peptide, providing additional diversity [3, 12] . These include epimerisation (E) domains, which catalyze the racemization of L to D amino acids, methyltransferase domains, which conjugate methyl groups to carbons or nitrogens in the peptide, cyclization domains, which replace C domains and catalyze both condensation and intramolecular heterocyclization, reductase (R) domains, which reduce intermediates, and several others. The action of these tailoring domains introduces functionalities into the peptide product, including protease resistance and improved affinity.
NRPSs often terminate with a thioesterase (TE) domain, which cleaves off covalently-tethered peptide by catalyzing an attack of water or an internal nucleophile [13] . Reductase domains can also be used for termination. The typical organization of an NRPS is A-T-(C-A-T) n -TE/R, with additional domains sometimes inserted.
Many NRPS-synthesized products have therapeutic or commercial value. Since NRPSs are modular, it is possible to construct novel NRPSs by adding, removing or substituting domains or modules. Engineered NRPSs can then be used to produce new compounds which may have increased potency or new biological activity. The strategy has high potential and could affect diverse fields such as agriculture, medicine and industrial chemistry, and would be very welcome as a source of new antibiotics in the face of growing resistance. Efforts to exploit this system have long been underway [14] [15] [16] , but have been hampered by very low product yields [17] [18] [19] . To realize the full potential of bioengineering of NRPSs, we believe that the already excellent body of structural knowledge, which includes structures of isolated domains, di-domain constructs, and even full termination modules (reviewed by last year by Weissman [4] , and continuing to grow [20] [21] [22] [23] ), must be augmented to provide increased understanding of the architecture and mechanisms of these huge machines.
Structures of the initiation module of linear gramicidin synthetase
Linear gramicidin is a clinical topical antibiotic, effective against gram-positive bacteria, which is used in dermatologic and ophthalmic topical formulations including several Polysporin ointments [24] . It is a 15 amino acid-long linear peptide capped at the N-terminus by a formyl group and at the C-terminus by ethanolamine. The stereochemistry of the α-carbon of each amino acid alternates between L-and D-along the pentadecapeptide chain, allowing it to assume a conformation known as a β helix, where the main chain atoms are on the inside of the helix and all side chains face outward [25] . For antibacterial activity, two gramicidin molecules dimerize in a head-to-head orientation in the bacterial membrane, resulting in a β helical pore that spans the membrane. This pore allows diffusion of monovalent cations across the membrane, which destroys the ion gradient and kills the bacteria. The N-terminal formyl group is essential for this activity [26] .
The NRPS system that makes gramicidin was discovered by Marahiel and colleagues [26, 27] . It is made up of four NRPS proteins, linear gramicidin synthetase subunits A-D (LgrA-D). Notably, LgrA was found to contain a domain with homology to free-standing formyltransferase (FT) proteins, w h i c h c a t a l y z e s f o r m y l a t i o n u s i n g t h e c o f a c t o r N 10 -formyltetrahydrofolate (fTHF). There are three families of homologous FTs: 1) FTs that formylate initiator Met-tRNA fMet for bacterial translation initiation [28] ; 2) FTs that catalyze formylation steps in the purine synthesis pathway [29] ; and, 3) FTs that formylate sugar moieties for the bacterial outer membrane [30] . The F domain in LgrA was the first of several dozen to be found (others are in kolossin A synthetase [10] , anabaenopeptilide synthetases [31] , oxazolomycin synthetase [32] , and many NRPSs in deposited genomic sequences). This F domain is the most N-terminal domain of the initiation module of LgrA, which has the domain organization F-A-PCP [26] (Figure 2b) . The formylation event occurs after the adenylation and thiolation of the valine substrate in the A domain and before it is donated in the condensation reaction in the C domain of the downstream module [26] (Figure 2b ). We undertook biophysical and structural study of the LgrA initiation module to address outstanding questions pertaining to the architecture and catalytic cycle of this tailoring NRPS initiation module [22] , including the following: How similar in structure are F domains and FTs? How is the F domain incorporated into the NRPS architecture? How does the PCP domain interact with and deliver the substrate to the F domain? To answer these questions, we initiated work with multiple constructs of LgrA from several bacterial strains. Our first attempts centered on excised constructs of the F domain in isolation, but these constructs expressed extremely poorly and readily aggregated. Only when the A domain was also included in the constructs were we able to produce well-behaved protein which we were able to crystalize. We determined a structure of this F-A di-domain to 2.5 Å resolution by molecular replacement.
The structure of the LgrA F-A di-domain is elongated, with the F domain fused onto the N-terminus of the A domain ( Figure 3 ). The fusion point is surrounded by a large interface that buries 830 Å2 of surface area, and is the only interdomain contact. Accompanying small angle X-ray scattering experiments showed that the F-A di-domain likely maintains this elongated and rigid conformation in solution. The F domain superimposes very well with structures of FTs, and likewise the A domain superimposes with other NRPS A domains. All but ~eight residues between the two domains are recognizable as either FT or A domain. These residues include a single ɑ-helix and form part of the F domain-A domain interface. Furthermore, the putative Val-phosphopantetheine binding site of the F domain overlaps in position, size and hydrophilic nature with the sugar-dTDP binding site of sugar FTs [27, 30, 31] . The small differences in protein sequence between the F domain and sugar FTs and the length and hydrophilic nature of the substrates make it likely that the FT becomes an active NRPS F domain soon after the horizontal gene transfer event that fuses a sugar FT upstream of the NRPS A domain.
The A domain is composed of a large A core subdomain and a smaller C-terminal A sub subdomain, which is mobile and donates residues for the adenylation reaction [4, [33] [34] [35] [36] [37] . In this F-A di-domain structure, the A sub is disordered, and no corresponding electron density was observed in our maps. This is likely because all positions that had previously been observed for the A sub were blocked by an adjacent symmetry-related molecule in the crystal [33] [34] [35] [36] [37] [38] . Since this crystal form displays 82% apparent solvent content and was the only highly diffracting form we had then established, and since the A sub subdomain was not known to be required for the PCP domain-F domain interaction, we attempted to manipulate this crystal form to study the PCP domain-F domain interaction [39] . We hypothesized that a new construct that did not contain the A sub domain could be used to produce a crystal that displayed extremely large solvent channels and in which the F domain could bind a PCP domain introduced after crystallization (by "soaking experiment"). The F-A Δsub construct we produced did express well and crystalize readily in the same crystallization conditions; however, F-A Δsub crystals had reduced symmetry (from space group P4 1 2 1 2 to P4 1 ), and when we determined the structure, we found that the desired large solvent channels were filled with duplicate copies of F-A Δsub which, interestingly, formed a packing network identical to the first copies [22, 39] . These two packing networks make next to no contact with each other, but completely block all potential access of the PCP domain to the F domain; thus, this crystal form did not hold promise to answer the question of how the PCP domain interacts with and deliver the substrate to the F domain.
Fortunately, we were then able to grow a series of new crystal forms of the entire F-A-PCP LgrA initiation module and determine their structures, which showed every major conformation required for its complex catalytic cycle ( Figure  3 ). Several important conformations have been previously observed in experiments with single domain or di-domain constructs from disparate NRPS systems [4, [33] [34] [35] [36] [37] , but it is informative to observe all these confirmations within the context of the same, full module. To begin, the fTHF cofactor and the ATP and Val substrates must bind LgrA. The catalysis of the valine adenylate formation [36] . The A sub then rotates 140° and allows the PCP domain to accept the Val onto the thiol of its phosphopantetheine arm [35, 37] . The next step is transportation of this Val to the F domain active site fully ~50 Å away. In this massive movement, the PCP domain translocates its center of mass 61 Å and rotates 75°, and the A sub subdomain rotates 180°. In the resulting formylation conformation, we observe a quite small interaction surface between the PCP domain and the F domain. Interestingly, A sub subdomain also repositions to donate binding surface to the PCP domain, which likely helps it achieve the required conformation for formylation. This is strikingly similar to the function of a second domain in methionyl-tRNA fMet formyltransferase, which is responsible for presenting the methionyl-tRNA fMet to its FT active site [28] . Once the Val is formylated by the F domain, the PCP can productively bind the next module's C domain, where fVal is donated in the condensation reaction. This frees the thiol of the PCP domain to participate in the next round of assembly line synthesis. Studies such as these give a detailed, increased view of the complex catalytic cycle of NRPSs and give hope that, in future, bioengineering experiments could be very robustly used to produce novel NRPS-produced compounds with improved therapeutic activity; however, these structures also show why bioengineering undertakings may be difficult. The interfaces formed between the larger domains within modules are extensive and differ appreciably from one NRPS to another [21, 22, 38] , which makes it difficult to simply swap out whole domains. Furthermore, the interactions that are necessarily transient for the catalytic cycle are fine-tuned through evolution. The PCP domain and the A sub subdomain are only ~100 amino acids each, and yet the LgrA PCP1 domain must bind three different partners in its cycle. In other NRPSs, PCP domains may need to bind up to five other domains. Meanwhile, the A sub subdomain must open and close for substrate binding, donate catalytic residues for adenylation, provide protein-protein interactions for positioning of the PCP for thiolation and formylation, and act as a linker to allow the PCP to bind distal active sites. Almost all the surface residues of the PCP domain and A sub subdomain are involved in one or more of these jobs; therefore, experiments that introduce new domains or change the domains with which the PCP domain and A sub subdomain have to interact must be designed considering these parameters. It is likely the successful bioengineering workflow will always require rounds of evolution and selection after rational or biocombinatorial NRPS design to routinely produce successful designer NRPS therapeutics.
